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 
Abstract—In this paper, a novel Photovoltaic (PV) hot-
spotting fault detection algorithm is presented. The 
algorithm is implemented using the analysis of 2580 
polycrystalline silicon PV modules distributed across the 
UK. The evaluation of the hot-spots is analysed based on 
the cumulative density function (CDF) modelling 
technique, whereas the percentage of power loss (PPL) 
and PV degradation rate are used to categories the hot-
spots into eight different categories. Next, the 
implemented CDF models are used to predict possible PV 
hot-spots affecting the PV modules. The developed 
algorithm is evaluated using three different PV modules 
affected by three different hot-spots. Remarkably, the 
proposed CDF models precisely categorize the PV hot-
spots with high-rate of accuracy almost above 80%. 
 
Index Terms—Photovoltaic; Solar Energy; Hot-Spots; 
CDF Modelling; Power Loss, Performance Ratio. 
I. INTRODUCTION 
OT-SPOTTING is a reliability problem in Photovoltaic (PV) 
modules, this phenomena is well-identified when a 
mismatched solar cell heats up significantly and reduces the 
PV module output power [1]. PV hot-spots occur when a cell, 
or group of cells activates at reverse-bias, dissipating power 
instead of delivering it, and consequently operating at 
anomalous elevated temperature levels [2] and [3]. The hot-
spots are also the main cause of PV ageing, and sometimes 
irreversible damage of entire PV panels [4]. 
There are a number of other reliability issues affecting PV 
modules such as PV module disconnection [5], faults 
associated with maximum power point tracking (MPPT) units 
[6] and [7], PV micro cracks [8], and fluctuations in the wind 
speed and humidity variations [9]. All of these factors affect 
the PV module output power performance, thus decrease its 
annual energy production. However, this article addresses the 
impact of hot-spotting in PV modules. 
PV Hot-spots can easily be detected using infrared (IR) 
inspection, which has become a common practice in current 
PV application as presented in [10]. However, the impact of 
hot-spots on the operation and performance of PV modules 
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have been not often addressed, which helps us to explain why 
there is lake of accepted approaches which deal with hot-
spotting as well as specific criterion referring to the 
acceptance or rejection of affected PV module in commercial 
frameworks.  
In the past, and still a present practice, hot-spotting effects 
were usually mitigated by the adoption of bypass diodes which 
are parallelized with the PV modules, with the target to limit 
the maximum reverse voltage across the hot-spotted or shaded 
solar cells, therefore to increase the overall short circuit 
current and the open circuit voltage [11] – [13]. However, this 
method of mitigating hot-spots are not encountered the favor, 
since it requires additional cost and can be even detrimental in 
terms of power dissipation caused by additional bypass diodes 
as discussed by Manganiello et al. [14]. 
Most recently, a distributive MPPT method suggested by 
Coppola et al. [15] and Olalla et al. [16] is a conventional 
method to mitigate hot-spots in PV modules, yielded an 
approximate reduction up to 20 °C for small and medium hot-
spotting areas. On the other hand, Kim and Krein [17] show 
the “inadequateness” of the standard bypass diodes, by the 
insertion of a series-connected switch are suited to interrupt 
the current flow during bypass activation process. However, 
this solution requires a quite complex electronic board design 
that needs devised power supply and appropriate control logic 
for activating the hot spot protection device. 
In 2018, two hot-spot mitigation techniques developed by 
Dhimish et al. [18]. Based on MOSFETs connected to the PV 
module in order to switch ON/OFF the hot-spotted PV solar 
string. The proposed techniques are proved reliable, but do not 
contain any modelling or statistical analysis for the overall 
impact of PV hot-spots on the output power performance. 
The main motivation of this work, firstly, to study and 
analyse the impact of hot-spots on the performance of PV 
modules. The analysis not only considers local PV modules at 
specific geographical area, but also wide range of PV modules 
distributed across the UK; with subtotal of 2580 examined PV 
modules. This will ensure that the analysis is based on PV 
modules affected by various environmental conditions such as 
fluctuations in the wind, irradiance, temperature, and humidity 
levels. Secondly, propose a suitable modelling technique 
based on CDF function in order to differentiate the hot-spots 
into various categories. Finally, use the proposed CDF models 
to predict the type of the hot-spot affecting the PV modules. 
As far as the authors are concerned, there is no probabilistic 
or statistical analysis models describe the impact of the hot-
spots on the performance of PV modules based on large scale 
PV datasets (i.e. >2500 hot-spotted PV modules data). 
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II. METHODOLOGY 
A. Examined PV modules 
The distributed PV installations data were collected via 
Solar UK database system, which has the PV modules and 
strings output voltage, current, and power. 
The geographical map presenting the distribution of the PV 
installations across the UK (only in England, Wales, and 
Scotland) are shown in Fig. 1. The total inspected PV modules 
within all examined PV installations are equal to 8340, with 
the PV technology being Polycrystalline Silicon (Poly-Si). 
The majority of the PV modules were installed in 2007, the 
PV modules were supplied by a combination of homeowners 
and commercial scale PV installations between 1.1 and 50 
kWp with a wide range of orientation and tilt angles. 
The collection of the data was taken from various PV 
companies. The examined PV systems have a current-voltage 
(I-V) and power-voltage (P-V) curve tracer fitted with the 
maximum power point tracking (MPPT) units. These 
instruments are subject to different errors and tolerance rates. 
Therefore, the data collected from the PV systems were 
subjected to demanding checks and validation in order to 
remove and isolate as much inaccurate data as possible. The 
standard set of filters employed prior to data analysis and 
investigation stage are as follows: 
 The PV modules I-V and P-V curves were captured 
during clear-sky, non-shading conditions as reported 
in the database. 
 Take into account only PV modules within the UK, 
since the database contains multiple PV systems 
installed in wide range of European countries. 
 Use only systems with a tilt angle from 30º to 60º, 
and orientation between -30º to +30º. 
 Use only PV systems with accessible PV modules 
data, thus it is possible to compare between hot-
spotted and adjacent free hot-spotted PV modules.  
 
After the interpretation of the selective requirements have 
been carried out, 6159 PV modules remain (out of 8340). The 
PV modules is shown in Fig. 2. The number of PV modules 
which did not contain hot-spots is equal to 3579, which 
presents 58% of the total inspected PV modules. Whereas the 
probability of the total PV modules contains hot-spotted PV 
cells are equal to 42%. 
The analysis of the hot-spots was analyzed based on the 
number of hot-spotted PV solar cells in the observed PV 
modules, despite its location in the same or different PV 
string. Based upon the available datasets, the hot-spotted PV 
solar cells were categorized into five groups, it was found that 
total PV modules affected by each category is equal to: 
 1 hot-spotted solar cell in a PV module: 1058  
 2 hot-spotted solar cells in a PV module: 491 
 3 hot-spotted solar cells in a PV module: 542 
 4 hot-spotted solar cell in a PV module: 283 
  ≥5 hot-spotted solar cell in a PV module: 155 
 
 
Fig. 1.  Geographical map for the PV sites locations used in the analysis  
  
 
 
Fig. 2.  Hot-spots probability of occurrence among all tested PV modules  
  
  
Furthermore, it was found that fifty-one PV modules out of 
2580 contain one hot-spotted PV string. Interestingly, none of 
the PV modules had two or more hot-spotted PV strings. 
Fig. 3 shows an example of three different hot-spots 
categories, which were identified using a FLIR thermal 
imaging camera [19]. Fig. 3(a) shows two solar cell affected 
by a hot-spot, whereas Figs. 3(b) and 3(c) present multiple 
(>5) hot-spotted solar cells, and one hot-spotted PV string in a 
PV module respectively.  
 In order to draw relevant outcomes and novel conclusions, 
each of the inspected category was modelled independently 
and it is worth noting that the hot-spots analysis is based on 
their counts not locations. In addition, faulty conditions such 
as open or short bypass diodes, disconnection of PV modules 
in a string, and line-to-line or line-to-ground faults have not 
been considered in the analysis process of the PV hot-spots. 
B. Percentage of Power Loss (PPL) technique 
In order to investigate the power losses in the PV modules 
affected by hot-spots, and since the PV modules have different 
output peak power, the percentage of power loss (PPL) 
technique was used. 
Initially, the output power from the PV module affected by 
hot-spots (𝑃ℎ𝑜𝑡−𝑠𝑝𝑜𝑡𝑡𝑒𝑑) is measured, and then divided by the 
average output power from adjacent free hot-spotted PV 
modules. The adjacent average power is calculated using (1). 
Fig. 4 briefly explains the assessment of the PPL technique.  
The calculations of the PPL including the measured and 
theoretical voltage and current are corrected for 1-Sun 
conditions (solar irradiance = 1000 W/m2). 
 
𝑃𝑓𝑟𝑒𝑒 =  
∑ 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 𝑃𝑜𝑤𝑒𝑟𝑛𝑖=1
𝑛
                      (1) 
III. RESULTS 
A. Percentage of Power Loss (PPL)  
The evaluation of the data driven by the observed hot-spots 
and the distribution over histogram profiles are shown in Fig. 
5. The histograms contain the PPL values for all the defined 
categories of the hot-spotted PV modules, as well as the 
frequency of the PPL at certain levels. 
According to Fig. 5, it is evident that the PV modules 
affected by one hot-spotted solar cell have the least drop in the 
PPL as shown in Fig. 5(a), the average of the PPL is equal to 
0.95% over a sample size of 1058 PV modules. 
The increase in the number of hot-spotted solar cell would 
increase the percentage of the power loss; for example, Fig. 
5(b) shows that the average PPL is equal to 2.0% for PV 
modules affected by two hot-spotted solar cells. These results 
are evaluated over a sample size of 491 PV modules. 
The rest of the observed percentage of the power loss for all 
other hot-spots categories are summarized follows: 
 Three hot-spots in a PV module is equal to 2.7% 
 Four hot-spots in a PV module is equal to 4.0% 
 ≥5 hot-spots in a PV module is equal to 11% 
 One PV string in a PV module is equal to 19% 
 
 
Fig. 4.  Percentage of power loss (PPL) estimation for hot-spotted and free 
hot-spotted PV modules  
  
         
                                                (a)                                                                         (b)                                                                             (c) 
 
Fig. 3.  Examples for three different types of hot-spots affecting PV modules. (a) One hot-spot, (b) Two hot-spots, (c) Hot-spotted PV string 
  
  
Interestingly, whilst increasing the hot-spots in PV 
modules, it is more likely to have greater drop in its output 
peak power. On the other hand, the PV modules with a 
complete hot-spotted PV string is caused due to faulty bypass 
diodes. Therefore, there is more chance to have less output 
power produced by these particular PV modules, since bypass 
diodes overcome the issue of the partial shading conditions 
which normally PV modules suffer from. 
In addition, it is worth remembering that all data presented 
in Fig. 5 are subject to various errors such as the PV system 
sensors accuracy rate, data collection accuracy, and some 
other environmental factors, in which the data collected from 
the observed PV modules were subjected to demanding checks 
and validation in order to remove and isolate as much 
inaccurate data as possible. 
Furthermore, the data shown in Fig. 5 could be used to 
implement a relevant theoretical models in order to predict the 
hot-spots in other PV modules, particularly not incorporated in 
the data processing. Thus, it is ideally conceivable to inspect 
PV modules and predict the number of hot-spotted solar cells. 
This feature has been implemented using the cumulative 
density function (CDF) modelling technique [20] and [21], 
which will be describe next. 
The provision of probabilistic and error analysis projections 
is the major improvements which many researchers worldwide 
relies on to extensively prove/disapprove the chance of an 
action to accrue [22]. 
According to previously discussed data shown in Fig. 5, the 
PPL for PV modules affected by 1, 2, 3, and 4 hot-spotted 
solar cells are relatively equivalent, where the average PPL 
varies between 1.0% and 4.0%. However, the PPL for the PV 
modules affected by either ≥5 hot-spotted solar cells or one 
hot-spotted PV string almost between 5.0% and 30%. In that 
case, we have alienated the CDF modelling into two main 
profiles, principally shown in Fig. 6, where x-axis presents the 
PPL and the percentage of occurrence corresponds to y-axis. 
CDF plots for the PV modules affected by 1 to 4 hot-
spotted solar cells are shown in Fig. 6(a). As an example, the 
first line (blue) is the CDF model for the PV modules affected 
by 1 hot-spotted solar cell. 90% of the examined PV modules 
have a percentage of power loss below 1.4%, where as 10% is 
below 0.5%. Therefore, the CDF models present the 
percentage of the PV modules affected by various hot-spot 
condition. 
According to Fig. 6(a), 10% and 90% of the total observed 
PV modules have a percentage of power loss equals to the 
following: 
 PPL threshold for one hot-spot: 0.5 – 1.4% 
 PPL threshold for two hot-spots: 1.1 – 2.9% 
 PPL threshold for three hot-spots: 1.5 – 3.8% 
 PPL threshold for four hot-spots: 2.5 – 5.6% 
Furthermore, the CDF plots for the PV modules affected by 
either ≥5 hot-spotted solar cells or one hot-spotted PV string 
are shown in Fig. 6(b). This figure shows that the PPL 
thresholds between 10% and 90% are equal to: 
 ≥5 hot-spots in a PV module: 5.4 – 16.3% 
 One PV string in a PV module: 11.7 – 26.3% 
 
 
                                              (a)                                                                               (b)                                                                              (c) 
            
                                              (d)                                                                              (e)                                                                              (f) 
 
Fig. 5.  Histogram for the PPL vs. frequency of the samples. (a) 1 hot-spotted solar cell, (b) 2 hot-spotted solar cells, (c) 3 hot-spotted solar cells, (d) 4 hot-
spotted solar cells, (e) ≥5 hot-spotted solar cells, (f) Hot-spotted PV string in a PV module 
 
  
B. Percentage of Power Loss (PPL) with respect to time   
In the previous section, the analysis of the PPL are based 
on the collected data over 10 years of PV exposure (2007 to 
2017). Due to the degradation rate mechanism affecting PV 
modules, the projection of the CDF plots would be 
inaccurate in the coming 10 or 20 years. Therefore, the 
annual degradation rate of the PV modules must be 
incorporated with the CDF plots. 
Based on the analysis done by J. Taylor et al [23], it was 
found that the average annual degradation rate of 7000 PV 
modules in the UK is equal to -0.8%/year. Therefore, we 
have used this rate to reintroduce the CDF plots for the next 
10 years or 20 years of the PV exposure, hence the plots 
shown in Figs. 7(a-b) must be used with PV modules 
exposed from 11 to 20 years of operation, Figs. 7(c-d) are 
used for PV modules operated from 21 to 30 years, whereas 
Fig. 6(a-b) are for PV modules operated at their first 10 
years (0 to 10 years) of solar exposure. 
Figs. 7(a-b) show the output results of CDF plot for the 
PPL for all hot-spotting categories. These results are 
obtained using the degradation rate of -0.8%/year over a 
period of nine years. For comparison purposes, it is shown 
that four hot-spotted solar cells would have a PPL of 2.7% 
to 6.0% from 11 to 20 years of PV operation, while PPL 
was predicted from 2.5% to 5.6% in the first 10 years as 
shown in Fig. 6(a).  
Figs. 7(c-d) presents the output results of the CDF plot 
for the PPL analysis for all hot-spotting categories including 
PV modules at their 21 to 30 operation. The used 
degradation rate is equal to -0.8%/year as suggested by [23]. 
A brief comparison for all obtained PPL thresholds are 
shown in Table I. It is evident that the loss in the power 
threshold increase while the PV age increase, these 
thresholds will be used in the next section to evaluate the 
appropriateness of the proposed methodology using various 
PV modules affected by different types of hot-spots. 
 
(a) 
 
(b)            
Fig. 6.  Cumulative density function models. (a) CDF model for PV 
modules affected by 1 to 4 hot-spotted solar cells operated at their first 
0 to 10 years, (b) CDF model for PV modules affected by either ≥5 hot-
spotted solar cells or one hot-spotted PV string in a PV module 
operated at their first 0 to 10 years 
 
 
(a) 
 
(b) 
 
(c) 
 
(d)   
 
Fig. 7.  Cumulative density function models. (a) CDF model for PV modules 
affected by 1 to 4 hot-spotted solar cells and operated at their 11 to 20 years, 
(b) CDF model for PV modules affected by either ≥5 hot-spotted solar cells or 
one hot-spotted PV string in a PV module and operated at their 11 to 20 years, 
(a) CDF model for PV modules affected by 1 to 4 hot-spotted solar cells and 
operated at their 21 to 30 years, (b) CDF model for PV modules affected by 
either ≥5 hot-spotted solar cells or one hot-spotted PV string in a PV module 
and operated at their 21 to 30 years 
 
  
IV. EVALUATION 
In this section, the appropriateness and accuracy of the CDF 
models will be evaluated using various hot-spots types 
inspected on the PV system shown in Fig. 8(a), the PV system 
age of installation is less than 10 years; installed in 2014. The 
data of this PV system is not part of the observation monitored 
and discussed earlier in the methodology section. The PV 
modules’ main electrical characteristics including, maximum 
power point 220 W, voltage at maximum power point 28.7 V, 
and current at maximum power point 7.67 A.  
The evaluation process is principally divided into three 
steps. At first, the Power-Voltage (P-V) curve of the selected 
PV module will be measured, hence to estimate the percentage 
of power loss (PPL) compared to healthy/non-hot-spotted PV 
modules performance; results are shown in Fig. 8(b). Next, the 
PPL will be integrated into the CDF models taken from Fig. 6 
since the examined PV module are in operation less than 10 
years. Finally, to confirm the prediction of the CDF models, 
the thermal image of the inspected PV module will be taken 
into account. 
Fig. 8(b) shows a healthy vs. hot-spotted PV module P-V 
curve measured at standard test conditions (STC), where the 
Irradiance is equal to 1000 W/m2 and ambient temperature is 
25 ºC. It is evident that healthy PV module generates a peak 
power of 220 W, whereas the hot-spotted PV module had a 
peak power of 217.14 W. Resulting a PPL of 1.3%; refer to 
Fig. 4 for calculating the PPL percentage. 
Next, this PPL percentage has been incorporated into the 
CDF model as shown in Fig. 8(c). This percentage of the 
power loss correlates almost with all the CDF profiles, and 
according to this interception, there is 84% chance that the 
inspected PV module is affected by only one hot-spotted solar 
cell. Furthermore, there is 16% and 7% chance that the PV 
module is affected by two or three hot-spotted solar cells, 
respectively. Finally, there is only 1% chance that the PV 
module is affected by four hot-spotted solar cells. 
Therefore, according to the CDF models result, we would 
expect that the examined PV module is affected by one hot-
spotted solar cell. In order to judge whether this prediction is 
correct or incorrect, a thermal image of the PV module has 
been captured. Remarkably and as shown in Fig. 8(d), the 
inspected PV module is only affected by one hot-spotted solar 
cell located at the bottom of the PV module.  
                                                            
(a)                                                                                                                                   (b) 
                                                  
(c)                                                                                                                                   (d) 
Fig. 8.  (a) Examined PV modules, (b) Power-Voltage curves for healthy and the inspected PV module, (c) CDF plot at PPL 1.3%, (d) Thermal image of the 
inspected PV module 
  
Table I Summary of the CDF predictions (10% and 90%) for the PPL of the inspected hot-spots 
PV Hot-spotting Type CDF predictions from 0 to 10 years CDF predictions from 11 to 20 years CDF predictions from 21 to 30 years 
10% PLL 90% PLL 10% PLL 90% PLL 10% PLL 90% PLL 
1 hot-spotted solar cell 0.5 1.5 0.5 1.5 0.6 1.6 
2 hot-spotted solar cells 1.1 2.9 1.2 3.0 1.3 3.3 
3 hot-spotted solar cells 1.5 3.8 1.6 4.1 1.7 4.4 
4 hot-spotted solar cells 2.5 5.6 2.7 6.0 2.9 6.4 
≥5 hot-spotted solar cells 5.4 16.3 5.9 17.7 6.3 19.0 
1 hot-spotted PV string 11.7 26.3 12.6 28.4 13.5 30.5 
 
 
  
Therefore, this result confirms the ability of the proposed 
technique using the CDF models in predicting possible hot-
spots in PV modules, and also it confirms the appropriate use 
of the PPL as an indicator for the implementation of the CDF 
models. 
In fact, it is worthy noticing that the CDF models and its 
evaluation process depends on the inspection process, hence it 
is required to measure the P-V curve in order to calculate the 
PPL. Another limitation associated with the proposed 
technique that its requirement of the visual inspection for the 
PV modules, this is to ensure that there are no faults such as 
partial shading, cell cracking, glass breakage, and excessive 
soling affecting the inspected PV module.  
  Similarly, the CDF models are evaluated using different 
hot-spot categories. Fig. 9(a) shows the P-V curve for a PV 
module, where the PPL is at 2.6%. According to the CDF 
profiles shown in Fig 9(b), the prediction of the hot-spot type 
is as follows: 
 1 hot-spot: 100% 
 2 hot-spots: 81% 
 3 hot-spots: 46% 
 4 hot-spots: 11% 
As a result, the first option which states that there is 100% 
chance that the PV module is affected by one hot-spotted cell 
is relatively unrealistic, since this rate of occurrence is at the 
saturation level of the CDF plot, and as described earlier, at 
this level the CDF model would not be decisive in the 
prediction process because the saturation limit keeps at 100% 
for almost the rest of the CDF profile. Therefore, this level 
(saturation) is predominantly neglected [24].  
Accordingly, we would expect that the inspected PV 
module is affected by two hot-spots, with chance of 
occurrence 81%. In fact, this results are equitable, since by 
looking to the thermal image of the PV module shown in Fig. 
9(c), the PV is evidently affected by two hot-spotted solar 
cells, which confirms the results of the CDF models. 
Subsequently, Fig. 10(a) shows the P-V curve for another 
inspected PV module. There is large drop in the PPL of about 
15.7%, where the peak power of the inspected PV module is 
equal to 185.46 W. Hence, the second CDF model shown in 
Fig. 6(b) will be used to predict the PV module hot-spot, since 
the CDF plot used in either Fig. 6(a) or Figs. 8 and 9 have 7% 
limit for the PPL. 
Fig. 10(b) shows that there is 87% chance that the PV 
module is affected by ≥5 hot-spotted solar cells. Whereas 
there is only 28% chance that the PV module is affected by 
one hot spotted PV string. Based on the thermal image of the 
PV module, it is evident that there are almost seven solar cells 
affected by hot-spots. This result confirms the ability of the 
CDF model to accurately categories the hot-spotting type. 
V. CONCLUSION 
This paper presents the development of novel PV hot-
spotting fault detection algorithm using the analysis of 2580 
PV modules affected by six different types of hot-spots. The 
implemented algorithm is based on the analysis of the 
cumulative density function (CDF) models to precisely predict 
hot-spots affecting PV modules. In order to differentiate 
between hot-spotting categories, the developed algorithm uses 
the analysis of the percentage of the power loss (PPL), and PV 
degradation rate. 
In order to evaluate the appropriateness of the presented 
algorithm, three different PV modules affected by one, two, 
and several (>6) hot-spots have been examined. The hot-spots 
were categorized correctly, where the CDF percentage of 
prediction is always above 80%, which confirms the ability of 
the CDF models to precisely categories the hot-spots using 
simple, reliable, and fast detection approach. 
 
(a) 
 
 
(b) 
 
 
(c) 
 
Fig. 9.  Evaluating the proposed CDF model using a PV module affected by 
two hot-spotted solar cells. (a) Measured P-V curve, (b) CDF model 
interception with PPL, (c) Thermography image of the inspected PV module 
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Fig. 10.  Evaluating the proposed CDF model using a PV module affected by 
several hot-spotted solar cells. (a) Measured P-V curve, (b) CDF model 
interception with PPL, (c) Thermography image of the inspected PV module 
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